MicroRNAs (miRNAs) are short non-coding RNA molecules playing regulatory roles by repressing translation or cleaving RNA transcripts. Recent studies indicate that miRNAs are mechanistically involved in the development of mammalian spermatogenesis. However, little work has been done to compare the miRNA expression patterns between immature and mature mouse testes. Here, we employed a miRNA microarray to detect 892 miRNAs in order to evaluate the expression patterns of miRNA. The expression of 19 miRNAs was significantly different between immature and mature individuals. Fourteen miRNAs were significantly upregulated and five miRNAs were downregulated in immature mice and this result was further confirmed by a quantitative real-time RT-PCR assay. Many target genes involved in spermatogenesis are predicted by MiRscan performing miRNA target scanning. Our data indicated specific miRNAs expression in immature mouse testis and suggested that miRNAs have a role in regulating spermatogenesis.
Introduction
Spermatogenesis is the cellular process that produces mature male germ cells, which takes place within the seminiferous tubules of the testis of the sexually mature male. During spermatogenesis, post-transcriptional control plays an essential role for spermatid differentiation (Braun 1998) and can be mediated by sequences, such as microRNAs (miRNA)-targeting sequences, in the 5 0 -and 3 0 -UTRs of miRNA. miRNAs are small non-coding RNAs (typically 19-23 nucleotides) that play important roles in regulating posttranscriptional translation. The first discovered miRNA, lin-4, is involved in developmental timing in the nematode Caenorhabditis elegans (Lee et al. 1993) . After that, hundreds of miRNAs have been discovered and identified in plants and animals. Many miRNAs are conserved and it may regulate up to 30% of genes (Lewis et al. 2003) . About 68% of miRNAs are expressed in a highly tissue-specific manner (Wienholds et al. 2005) , for example, miR-1 is a muscle-and heart-specific miRNA (Zhao et al. 2005) . It is indicated that miRNAs play essential roles in the regulation of gene expression during development. During mouse spermatogenesis, evidence is emerging that miRNAs have a major function in translational regulation (Kuramochi-Miyagawa et al. 2004) . One such miRNA, miR-122a, was suggested targeting a reporter mRNA containing sequences from the 3 0 -UTR of the transition protein 2 (Tnp2), Tnp2 is a post-transcriptionally regulated testis-specific gene involved in chromatin remodeling during mouse spermatogenesis (Yu et al. 2005) . However, although thousands of miRNAs have been identified from mammalian somatic tissues, little is known regarding their expression in germ cells.
To explore the expression pattern of miRNA in spermatogenesis, we employed microarray technique on sexually immature and mature mouse testes and examined high-throughput miRNA expression; and the differences in expression levels were confirmed by quantitative RT-PCR. In this study, we analyzed 892 miRNAs and found that the levels of 19 miRNAs changed significantly between immature and mature mouse testes. The expression of 14 miRNAs was significantly enhanced, while the expression of 5 miRNAs greatly decreased in immature mouse testis. In this study, we use computational methods to identify common targets of miRNA and analyze the relationship between those putative genes and spermatogenesis. Our data indicate a pattern of miRNAs expression specific to immature mouse testis and suggest that miRNAs are able to regulate spermatogenesis.
Materials and Methods

Animals
Male Balb/c mice used in this study were obtained from the Experimental Animal Center of Sichuan University (Chengdu, China). All the animals were kept and bred in facilities of a standard conforming to UK Home Office requirements. Testes were obtained from 1-week-old immature Balb/c mice (10.0G0.8 g; marked I ) and 7-week-old mature mice (35.0G1.4 g; marked M). Each group has eight individual samples. All the measures taken for the mice were in accordance with approved guidelines (Guidelines for the Care and Use of Laboratory Animals) established by the Chinese Council on Animal Care and in accordance with UK legal requirements.
RNA extraction
Animals were killed by cervical dislocation after CO 2 asphyxiation. Whole testes were removed from animals and were immediately snap-frozen in liquid nitrogen, ground to a fine powder in a mortar that was pre-cooled with liquid nitrogen, and then Trizol reagent (Invitrogen) was added to continue grinding. Total RNA was extracted by Trizol reagent. All the procedures were carried out according to manufacturer's protocol. miRNA microarray analysis miRNA microarrays were obtained from CapitalBio Corporation (Beijing, China), corresponding to current release of Sanger miRNAs database (http://microrna. sanger.ac.uk, October 2005). The individual oligonucleotide probe was printed in triplicate on chemical modification glass slides and 21!21 spot configuration of each subarray. The spot diameter was 130 mm, and distance from center to center was 185 mm. miRNAs were enriched from total RNA extracted from samples I and M with mirVana miRNA Isolation Kit (Ambion, Foster City, CA, USA) and labeled with mirVana Array Labeling Kit (Ambion). Labeled miRNAs were used for hybridization on each miRNA microarray containing 509 probes in triplicate, corresponding to 892 human, rat, and mouse miRNAs, to determine differential expression between I and M samples (Thomson et al. 2004) . This procedure was repeated twice.
The miRNA microarray from CapitalBio Corporation was single-channel fluorescence chip; all oligonucleotide probes were labeled with Cy3 fluorescent dyes (green color). Fluorescence scanning used a double-channel laser scanner (LuxScan 10K/A, CapitalBio). Then, the figure signal was transformed to digital signal using image analysis software (LuxScan3.0, CapitalBio). Signal intensities for each spot were calculated by subtracting local background from total intensities. Raw data were normalized and analyzed using the Significance Analysis of Microarrays (SAM, version 2.1, Stanford University, CA, USA) software.
Gene-specific RT
DNase-treated total RNA (2 mg) was reverse transcribed to cDNA with gene-specific RT primers, using the RevertAid First Strand cDNA Synthesis Kit (MBI Fermentas, Vilnius, Lithuania). A total of 19 genespecific stem-loop RT primers were designed according to miRNAs sequences listed in the Sanger miRBase (microRNA sequences, targets, and gene nomenclature; Supplementary Table 1 which can be viewed online at www.reproduction-online.org/supplemental/).
Each reaction mixture of RT contained 2 mg RNA sample, 50 nM gene-specific stem-loop RT primer (U6 use random primers), 1!RT buffer, 0.25 mM of each of dNTPs, 200 U RevertAid M-MuLV Reverse Transcriptase, 20 U RNase inhibitor, and deionized water to a total volume of 20 ml. The reactions were incubated in an Applied Biosystems 9700 Thermocycler (Applied Biosystems, Foster City, CA, USA) in a 96-well plate for 30 min at 16 8C, 30 min at 42 8C, 5 min at 85 8C, and then held at 4 8C. All RT reactions, including negative controls, were repeated thrice.
Real-time PCR for miRNA precursors
Gene-specific PCR forward primers were designed according to miRNA sequences, and a universal PCR reverse primer (Chen et al. 2005) . The expression of the U6 small nuclear RNA (NR_003027) gene was used as an internal control (Schmittgen et al. 2004) . All the miRNA-specific primers and U6 primer are listed in the Supplementary Table 2 which can be viewed online at www.reproduction-online.org/supplemental/.
The expression of the miRNA precursors was determined using quantitative real-time PCR as described earlier (Schmittgen et al. 2004 ) with several modifications. Standard curves of cDNA were composed of four tenfold dilutions of sample I cDNA. Quantitative real-time PCR was conducted using an FTC 2000 realtime PCR instrument (Funglyn, Toronto, Canada). Each reaction mixture contained 1! PCR buffer, 2.5 mM MgCl 2 , 0.25 mM of each of dNTPs, 1.5 U DNA polymerase, 1.5 mM forward primer, 0.7 mM reverse primer, 1! SYBR Green I, 2 ml cDNA, and deionized water was added to a total volume of 30 ml. Unless indicated, all reagents used in this procedure were purchased from MBI Company (MBI Fermentas).
Cycling parameters were 95 8C for 5 min to denature DNA templates, then 30 cycles of 95 8C for 10 s, and 60 8C for 1 min, with a final recording step of 78 8C for 20 s to prevent any primer-dimer formation (Peirson et al. 2003) . Melting curves were performed using Dissociation Curves software (Funglyn) to ensure only a single product was amplified, and samples were also run on a 3% agarose gel to confirm specificity. All reactions including negative controls were repeated thrice.
Data analysis
Relative quantification was conduced using amplification efficiencies derived from cDNA standard curves and obtained relative gene expression (Peirson et al. 2003) . Data were analyzed initially using FTC2000 4.0 software (Funglyn). The relative expression of each miRNA to U6 RNA was described using the equation
where R is the relative expression, E is the amplification efficiency, CT is the threshold cycle, and DCTZ(CTSample IKCTSample M). Amplification efficiency can then be calculated from the slope: EfficiencyZ10(1/slope)K1.
Results
miRNA microarray analysis
Having resulted in profiling expression of thousands of genes simultaneously, microarray assay provides a powerful tool for analyzing both miRNA expression patterns and quantitative expression levels. This technology is much more efficient than those outmoded time-consuming methods, and is becoming the broadest miRNA research tool available (Calin et al. 2004) . The mature/immature status of the samples was confirmed by examination of sperm smear for mature sperm. RNA gel electrophoresis presented that the quality of the RNA was good. The microarray contained 509 degenerated oligonucleotide probes generated from 892 miRNAs (435 human, include nature predicted 122 miRNAs, 261 mouse, and 196 rat; Xie et al. 2005) . All of the oligonucleotide probes were repeated thrice in one microarray, and each of the four subarrays contained 16 controls (Zip5, Zip13, Zip15, Zip21, Zip23, Zip25, Y2, Y3, U6, New-U2-R, tRNA-R, has-let-7a, has-let-7b, has-let-7c, 50% DMSO (dimethyl Sulphoxide), and Hex). For increased confidence, we repeated each microarray assay twice. A t-test statistical analysis and scatter diagrams of all spots showed that the reproducibility and reliability were good ( Fig. 1; PO0.05) .
Class comparison and SAM were performed to identify differences in miRNA expression between I and M samples. SAM calculated out a score for each gene on the basis of the change in expression relative to the S.D. of all measurements (Tusher et al. 2001 , He et al. 2005 ; the results are shown in Table 1 .
Pairwise significance analysis of the microarray data indicated that 14 miRNA genes were significantly overexpressed in sexually immature mouse testis (sample I) with fold changes O2. Underexpression appeared only in five miRNAs (mmu-miR-34a, mmu-miR-29b, hsa-miR-449, rno-miR-34b, and mmu-miR-34c). Three miRNAs (hsa-miR-495, hsa-miR-181d, and rno-miR-34b) did not have any corresponding mouse miRNAs.
Real-time PCR for miRNA precursors
To verify the accuracy of the microarray results above, we used quantitative real-time RT-PCR to measure the expression levels of individual miRNAs. Since miRNA precursors are short, it is difficult to amplify and quantify these short RNA targets by PCR method. A novel scheme for PCR assays was applied for specificity and sensitivity; this used stem-loop RT primers, which can specifically quantify miRNA expression levels over existing conventional detection methods (Chen et al. 2005) . We compared the expression levels of the I and M samples and ran the PCR products on a 3% agarose gel. The concordance between relative expression levels and agarose gel analysis was identical on the whole (Fig. 2) . To compare the accuracy of efficiency-corrected relative quantification, amplification efficiency was derived from cDNA standard curves. Using the equation mentioned earlier, we calculated the miRNA relative expression levels normalized by U6. The result is shown in Table 2 . Out of 19, 14 miRNAs were detected upregulated and three miRNAs increased slightly in immature mice. Three miRNAs were greatly upregulated, namely mmumiR-411, mmu-miR-495, and mmu-miR-434-5p. The qPCR confirmed the downregulated expression of the five miRNAs identified by microarray in immature mice.
Putative miRNA target gene prediction
To identify the miRNA-targeting genes, we used the TargetScan program to predict differentially expressed miRNAs corresponding to putative genes (Lewis et al. 2003 , Jones-Rhoades & Bartel 2004 , Rajewsky & Socci 2004 ). We used PicTar, a computational method for identifying common targets of miRNA (Krek et al. 2005) . As a statistical test using genome-wide alignments of vertebrate genomes, PicTar's ability to specifically recover published miRNA targets, and experimental validation of seven predicted targets suggested that PicTar has an excellent success rate in predicting targets for single miRNA and for combinations of miRNA (http://pictar.bio.nyu.edu/).
Transcripts that are directly regulated by miRNA should contain miRNA-binding sites in their 3 0 -UTRs (Bartel 2004) . Binding sites for multiple miRNAs can be found within a UTR, and are frequently repeated within it. Furthermore, conserved binding sites can be found in the 3 0 -UTRs of homologous genes of related species. We used PicTar to identify common targets of all miRNAs; the result of the analysis is shown in Table 3 .
Discussion
Spermatogenesis is a complex process of germ cell development whereby diploid germ cells proliferate and differentiate into haploid spermatozoa (Cooke & Saunders 2002) . Spermatogenesis occurs in a cyclic manner known as the spermatogenic cycle, which can be divided into 14 stages (I-XIV) on the basis of distinct associations of germ cells (Leblond & Clermont 1952 , de Kretser et al. 1998 ). There are a few reports on global gene expression in the testis during mouse spermatogenesis. Yu et al. (2003) reported a gene expression study using purified germ cells on a membrane containing 1176 genes, of which only w200 were detectable in germ cells. miRNA regulates gene expression by binding and modulating the translation of specific mRNAs. Several hundred miRNAs have been verified currently, however, thousands of miRNA genes in various genomes still need to be identified (Ruvkun et al. 2004) . Even in mammalian, there are still many miRNAs waiting to be detected and only little is known about miRNA expression levels or patterns in spermatogenesis as well. Therefore, it is necessary to study miRNA relating to spermatogenesis using microarray and qPCR technologies. A summary of SAM analysis of I and M; fold changes, value of I/M; localfdr, local false discovery rates; q-value (%) of all miRNAs was 0.
Figure 2 miRNA expression in mouse testis was identified by qPCR. A: The histogram of the relative expression levels between I and M samples, 19 miRNAs are listed on the x-axis, the y-axis refers to the relative expression levels between I and M samples, and the M sample expression is 1. B: The electrophoresis result of PCR products, U6 is used as internal control, marker, 50 bp DNA ladder; (K), negative control; I, immature testes tissue; and M, mature testes tissue.
miRNA microarray provides a parallel and highthroughput method of detecting thousands of miRNAs simultaneously. Quantitative real-time PCR is the golden standard for gene expression quantification (Livak & Schmittgen 2001 , Peirson et al. 2003 . Now, stem-loop RT primers have better specificity and sensitivity than conventional linear ones likely due to the base stacking and spatial constraint of the stem-loop structure (Chen et al. 2005) . The qRT-PCR data correlated well with microarray analysis and demonstrated the reliability of SAM assay.
The first miRNA, lin-4, was identified in 1993. Till October 2006, Sanger miRNAs Release 9.0 database contains 4361 entries representing hairpin precursor miRNAs, expressing 4167 mature miRNA products. But, there is a large pool of miRNA sequences yet to be discovered. In this study, three miRNAs were found which had no corresponding mouse miRNAs but were expressed differently between I and M samples. These miRNAs were further confirmed by qPCR experimentally, which indeed expressed differently between immature and mature mouse testes and its target genes could play a role in spermatogenesis. Mouse corresponding miRNA cloning based on human or rat miRNA sequences and its biological function need further studies.
The miRNA microarray results show that sexually immature mouse testis contained a range of miRNAs at higher expression levels than mature tissue. Computational methods were used to predict the target genes of those miRNAs. Genes associated with mammalian development and spermatogenesis identified by prediction and the data are displayed in Table 3 . One of these genes is Brd2, targeted by mmu-miR-127; Brd2 was observed in a previous study expressed at high levels in diplotene spermatocytes and round spermatids while at low levers in spermatogonia. In situ hybridization and immunostaining on histological sections of mouse testes revealed a strikingly specific and dynamic change of cellular specificity in the germ line during the progression of spermatogenesis. The expressing patterns of mmu-miR-127 performs are correlated to Brd2 and this strongly suggests a close relationship between the identified miRNA and its target gene.
Among the predicted target genes, Usp42 gene has been reported to express during embryogenesis and spermatogenesis in the mouse (Kim et al. 2006) , predictions associate this gene with mmu-miR-411 and mmu-miR-29b. Rsbn1 gene, a novel homeobox-like protein gene is expressed exclusively in round spermatids and plays an important role in transcriptional regulation in haploid germ cells (Takahashi et al. 2004) , is predicted by some miRNAs. Edn1 is produced by and biologically active in the testes of several mammals (Maggi et al. 1995) . Sox5 and Sox6 genes belong to the Sox family that are highly expressed in adult mouse testes, the HMG (high mobility group) domains of both proteins bind to the sequence 5 0 -AACAAT-3 0 , suggesting that these two genes may have overlapping functions in the regulation of gene expression during spermatogenesis in adult mice (Denny et al. 1992 , Connor et al. 1995 . NR6A1 (also called germ cell nuclear factor (GCNF)), an orphan member of the nuclear receptor gene superfamily, expresses predominantly in developing germ cells of the adult mouse (Chen et al. 1994 , Hirose et al. 1995 , Katz et al. 1997 . NR6A1 played a role in transcriptional regulation during meiosis and the early haploid phase of spermatogenesis (Yang et al. 2003) .
In conclusion, we conduct microarray assay and quantitative real-time PCR to examine miRNA expression in mouse testes between sexually immature and mature individuals, and obtain 19 miRNAs significant expressing differently in immature and mature tissues. Next step we will continue to study these miRNAs function.
